The main target of the present study is to preserve the structural integrity of the composite pressure vessels (PVs) used in the seawater reverse osmosis (SWRO) desalination plants under internal pressure loading when moisture effects are taken into consideration. Different composite material lay-ups and fiber orientations are considered. In each case, the optimum safe thickness of the PV is found based on the appropriate failure criterion. The PVs are made of carbon/epoxy C/E IM7/977-3 with (±θ)ns lay-up. For verification purposes, PVs made from stainless steel SST 316L and carbon/epoxy C/E AS4/3501-6 are considered and their available results are compared with the predictions of the MATLAB code developed in this study. The study consists of three main cases. The first case considered the PVs materials SST 316L steel and C/E AS4/3501-6 carbon/epoxy composite, without moisturizing effect, with the purpose to verify the results of the developed MATLAB code by comparing with results from the available literature. The second case is concerned with the composite material C/E IM7/977-3, without moisture effects, while the third case included moisture effects on the same material (C/E IM7/977-3). The optimum angles found for C/E AS4/3501-6 is (±55.1)ns and for C/E IM7/977-3 with and without moisture are (±55.8)ns and (±54.0)ns, respectively. The best weight saving of the composite PV, when compared to the steel PV, reached 95.2%.
Introduction
A lot of work has been done on the optimization of pressure vessels (PVs), due to their importance in various fields and applications. Using composite materials in PVs is a common way to improve their design and create a lighter, more controlled material behavior. The classical lamination theory (CLT) was used by [1] and [2] to model the composite PV. They have shown that a maximum pressure for the PV can be achieved using higher modulus fibers in the hoop direction and lower modulus fibers in the longitudinal direction. One study proposed a method to design hybrid laminated composite PVs under different loading conditions [3] . A hydrogen PV was investigated and showed the failure under transverse tensile stress using three different techniques, laminate-based, full ply-based and hybrid-based [4] . An optimum lay-up for composite PV was concluded by [5] , after analyzing three composite materials with a MATLAB code they programmed. The materials studied were S-glass/epoxy, Kevlar/epoxy and carbon/epoxy (C/E), and their results showed that the optimum lay-up for all composite materials was (±54)ns.
The relation between moisture and temperature effects on the physical aging of polymeric composite IM7/977-3 was studied by using momentary creep tests on off-axis coupon specimens [6] . It was found that the weight gain of the composite material IM7/977-3 reached a steady value of 1.3% after 40 days of immersion.
Methodology
In this study, the optimum fiber orientation and lamination lay-ups are found in order to come up with an allowable PV thickness for a safe design that will guarantee the structural integrity of the vessel during operation under internal pressure loading. Four different sizes of PVs are considered, as shown in Table 1 , which are the same sizes found in the literature [11] and adopted here for verification and comparison purposes. A thin-walled analysis is used and only the cylindrical parts of the PVs are considered. The internal pressure in the PVs is chosen to be 8 MPa. The analytical model is developed, and solutions are obtained by establishing a MATLAB code for this purpose. Different materials and loading conditions are utilized and studied in the following three sections (stainless steel SST 316L and composite materials C/E AS4/3501-6 and C/E IM7/977-3). The effect of including moisture is investigated by considering the longitudinal and transverse expansion of the pressure vessel, due to being filled with water. The water content that the studied composite material (C/E IM7/977-3) can absorb was taken from a previous experimental study that showed a steady value of 1.3% moisture difference when immersed for 40 days [6] . The thermal effects are neglected, due to low thermal variation in the working environment [12] . The von Mises failure criterion is used to calculate the minimum allowable steel vessels (SST 316L), while the Tsai-Wu failure criterion is used for the composite vessels (C/E AS4/3501-6 and C/E IM7/977-3).
The composite material lay-ups were selected to be (±θ)ns, where n is the number of basic laminates and s indicate the symmetry of lay-ups. The (±θ)ns lay-up provides good results when compared to other common lay-ups, as reported in some previous works [4] .
2.1. Case 1: SST 316L and C/E AS4/3501-6, Without Moisture Effects
The purpose of this case is to verify the analysis procedure and the MATLAB code by comparing its results with the previous work [11] . Two analyses were performed, in the first one, the four PV sizes made from stainless steel SST 316L (Figure 1 ) was subjected to 8 MPa internal pressure. Moisture effect is not taken into consideration in this case. The material is considered isotropic and linearly elastic with the properties shown in Table 2 .
The thermal effects are neglected, due to low thermal variation in the working environment [12] . The von Mises failure criterion is used to calculate the minimum allowable steel vessels (SST 316L), while the Tsai-Wu failure criterion is used for the composite vessels (C/E AS4/3501-6 and C/E IM7/977-3).
Case 1: SST 316L and C/E AS4/3501-6, Without Moisture Effects
The purpose of this case is to verify the analysis procedure and the MATLAB code by comparing its results with the previous work [11] . Two analyses were performed, in the first one, the four PV sizes made from stainless steel SST 316L (Figure 1 ) was subjected to 8 MPa internal pressure. Moisture effect is not taken into consideration in this case. The material is considered isotropic and linearly elastic with the properties shown in Table 2 . The relations for axial and hoop stresses, σx and σy respectively [13] , to a thin-walled cylinder, are as follows:
where, p is the internal water pressure, in MPa; Di is the internal diameter of the PV, in mm; hPV is the thickness of the PV cylindrical part, in mm By utilizing the principal stresses with the von Mises yield criterion, the following relation for stainless steel SST 316L PV thickness can be found: The relations for axial and hoop stresses, σ x and σ y respectively [13] , to a thin-walled cylinder, are as follows:
where, p is the internal water pressure, in MPa; D i is the internal diameter of the PV, in mm; h PV is the thickness of the PV cylindrical part, in mm By utilizing the principal stresses with the von Mises yield criterion, the following relation for stainless steel SST 316L PV thickness can be found:
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In the second analysis, the four PVs shown in Figure 2 are made from C/E AS4/3501-6 composite with the properties shown in Table 3 . The same loading conditions used in SST 316L PV were applied in this analysis as well.
The composite C/E AS4/3501-6 vessel is fabricated from a laminate that consists of four laminae, each with a thickness of 0.2 mm and a lay-up of (±θ)ns. The analytical procedure used to create the basic laminate model is performed using the classical lamination theory (CLT), [14] .
where, S is the tensile yield strength of SST 316L, in MPa; SF is the allowable safety factor of the PV, in mm.
The composite C/E AS4/3501-6 vessel is fabricated from a laminate that consists of four laminae, each with a thickness of 0.2 mm and a lay-up of (±θ)ns. The analytical procedure used to create the basic laminate model is performed using the classical lamination theory (CLT), [14] . Table 3 . Properties of the composite materials used in this work, from [15] . Properties indicated by (*) are found using composite micromechanics relations from [14] . C/E: carbon/epoxy.
Properties
C/E AS4/3501-6 C/E IM7/977-3 Table 3 . Properties of the composite materials used in this work, from [15] . Properties indicated by (*) are found using composite micromechanics relations from [14] . C/E: carbon/epoxy. Each lamina is considered to be orthotropic and linearly elastic. The stress-strain relations for a thin lamina (a plane stress condition) are:
where ε i is the normal strain in the i axis; γ ij is the shear strain in the i-j plane; E i is the modulus of elasticity in the i axis, in GPa; G ij is the shear modulus in the i-j plane, in GPa; ν ij is the Poisson's ratio for the i-j plane;σ i is the normal stress in the i axis, in MPa; τ ij is the shear stress in the i-j plane, in MPa. Equation (4) can also be written as:
where Q ij are the stiffness components in the i-j direction, and can be found using:
The transformation between the lamina's material principle axes (1, 2) to the global axes of the laminate (x, y) can be done with the following:
where T is the transformation matrix and can be determined as follow:
Utilizing Equations (5) to (9) leads to:
whereQ 1,2,6 are the elements of the transformed reduced stiffness matrix and are given by:
After finding theQ matrix for all four laminae in the basic laminate, the surface position of each lamina from the laminate mid-plane can be determined. The position from the laminate mid-plane to the bottom surface of each lamina is h k , and can be found using:
where h is the laminate thickness (the basic laminate thickness, 0.8 mm in this work), t k is the thickness of each lamina (taken as 0.2 mm) and k refers to the number of the lamina (Figure 3 ).
After finding the matrix for all four laminae in the basic laminate, the surface position of each lamina from the laminate mid-plane can be determined. The position from the laminate mid-plane to the bottom surface of each lamina is hk, and can be found using:
where h is the laminate thickness (the basic laminate thickness, 0.8 mm in this work), t is the thickness of each lamina (taken as 0.2 mm) and k refers to the number of the lamina (Figure 3 ). Knowing and h , the extensional, the coupling and bending stiffness matrices, A, B and D respectively, can be found from the following:
The mid-plane strains , and curvatures , can be solved for from:
where Nxy and Mxy are the resultant forces and moments per unit length in the laminate, in N/m and N, respectively. The loads in this study are: KnowingQ and h k, the extensional, the coupling and bending stiffness matrices, A, B and D respectively, can be found from the following:
The mid-plane strains ε x,y 0 and curvatures κ x,y can be solved for from: 
where N xy and M xy are the resultant forces and moments per unit length in the laminate, in N/m and N, respectively. The loads in this study are:
Using the assumptions of CLT the laminate strains at any location across the thickness can be determined, by the following:
where z is the location we wish to find the strains and is measured from the laminate mid-plane, following the same coordinate as shown in Figure 3 . Utilizing Equations (6) to (16), the local stresses and strains at the top and bottom surfaces of each lamina can be found as functions of the fiber angles only,σ(θ) ij and ε(θ) ij , respectively.
The failure criterion of Tsai-Wu is used to determine the safety factor (SF (θ)) for all the local stresses previously found, eight σ(θ) ij and eight SF (θ), which relate to the top and bottom of each of the four laminas in the basic laminate. According to the Tsai-Wu failure, the lamina will fail if Equation (17) is violated.
where:
where the subscripts of S refer to the fiber longitudinal direction, fiber transverse direction, tensile strength, compression strength, shear strength and ultimate strength of the lamina, respectively.
Using the first ply failure approach, only the minimum of the eight safety factor functions (SF min (θ)) is considered. Knowing SF min (θ), the allowable thickness h all (θ) can be found by
where SF all is the allowable (or design) safety factor (taken as two). Solving for entries of θ from 0 • to 90 • , the relation between the PV allowable thickness h all (θ) and fiber angles θ can be realized. The minimum allowable thickness (h all.min ) and the optimum fiber angle θ opt can then be determined.
The design of h PV cannot be completed using the value for h all.min . In order for the analysis procedure to hold, only an integer number of the basic laminates can be added. Thus, the number of required basic laminates n can be found by
where n is approximated to the highest integer. The final pressure vessel thickness can be calculated as follows:
Case 2: C/E IM7/977-3, Without Moisture Effects
The composite PV made of C/E IM7/977-3 subjected to the same loading conditions in case 1 (internal pressure = 8 MPa and no moisture effects) is solved analytically. The same analysis procedure and material assumptions of case 1 are used. The composite material properties can be found in Table 3 .
The purpose of this study was to increase the specific strength of the PV and compare the solution with case 1.
Case 3: C/E IM7/977-3, Including Moisture Effects
In this case, the moisture effect is taken into consideration in the analysis of C/E IM7/977-3 PV. In order to include the moisture effects, the longitudinal and transverse moisture expansion coefficients for the composite material should be known as β 1 and β 2 , respectively. The values of β 1 and β 2 for C/E IM7/977-3 are 0.0081 and 0.5575, respectively (using the equations of micromechanical analysis). The micromechanical relations used are [14] :
where E m is the matrix modulus of elasticity, 3.7 GPa for epoxy 977-3 [15] ; ρ m is the matrix density, 1280 kg/m 3 for epoxy 977-3 [15] ; β m is the matrix moisture expansion coefficient, 0.33 assumed [14] ; ρ c is the composite density, 1610 kg/m for C/E IM7/977-3 [15] ; ν m is the matrix Poisson's ratio, 0.35 for epoxy 977-3 [15] ; ν 12 is the composite major Poisson's ratio, 0.35 for C/E IM7/977-3 [15] . The change in the moisture content of the composite (∆C) determines how much water the composite material has absorbed during a set of time. In a previous study by [6] , the effect of immersing a C/E IM7/977-3 specimen in water was experimented. It was found that after 40 days of immersing in water, it reached a steady state value of 1.3% weight gain (∆C = 1.3%).
To include the moisture effect in the analysis, all the previous mathematical formulation from Equation (4) to Equation (13) should be performed. In Equation (14) another term is added to account for the resistance created by the bonds between the laminae, the resistance occurs due to different moisture expansion response in each lamina. Equation (14) in compact notation becomes:
where, 
and,
Using Equations (15) and (16), the actual global strains can be found in any location across the thickness ε x,y . To determine the mechanical strains that induce stresses in the material, the following relations are used:
The global stresses for each lamina can be found from: 
The local stresses in each lamina are found using the transformation matrix T. Equations (17) to (21) are utilized to determine the SF min , plot the relation between h all and θ, and find the required number of basic laminates and the final PV thickness h PV .
Results and Discussion
The analysis of four sizes of PV made of SST 316L, C/E AS4/3501-6 and C/E IM7/977-3 was performed. Figure 4 verifies the solution used in this study with previous work, where both studies were made on the same composite material C/E AS4/3501-6, with the same geometries and without considering the moisture effect. The same program was later on used for the material IM7/977-3 and was extended to include the moisture effect. The local stresses in each lamina are found using the transformation matrix T. Equations (17) to (21) are utilized to determine the SF , plot the relation between h and θ, and find the required number of basic laminates and the final PV thickness hPV.
The analysis of four sizes of PV made of SST 316L, C/E AS4/3501-6 and C/E IM7/977-3 was performed. Figure 4 verifies the solution used in this study with previous work, where both studies were made on the same composite material C/E AS4/3501-6, with the same geometries and without considering the moisture effect. The same program was later on used for the material IM7/977-3 and was extended to include the moisture effect. The relations between the fiber orientation angle and the allowable thickness for PV size 2.5", 4", 8" and 16" were plotted in Figures 5-8 , respectively. Each figure shows three solutions; one for C/E AS4/3501-6 PVs and two for C/E IM7/977-3 PVs, with and without the moisture effect.
The solutions shown in Figures 5-8 for C/E AS4/3501-6 are in good agreement with the literature in terms of the general trend and the values obtained for the minimum allowable vessel thickness and fibers optimum angle [11, 16] . In literature, h .
achieved for the four vessel sizes of SST 316L was 2.125, 3.401, 6.801 and 13.602 mm, and in this work it was 2.125, 3.400, 6.804 and 13.608 mm, for C/E AS4/3501-6, h . The relations between the fiber orientation angle and the allowable thickness for PV size 2.5", 4", 8" and 16" were plotted in Figures 5-8 , respectively. Each figure shows three solutions; one for C/E AS4/3501-6 PVs and two for C/E IM7/977-3 PVs, with and without the moisture effect.
The solutions shown in Figures 5-8 for C/E AS4/3501-6 are in good agreement with the literature in terms of the general trend and the values obtained for the minimum allowable vessel thickness and fibers optimum angle [11, 16] . In literature, h all.min achieved for the four vessel sizes of SST 316L was 2.125, 3.401, 6.801 and 13.602 mm, and in this work it was 2.125, 3.400, 6.804 and 13.608 mm, for C/E AS4/3501-6, h all.min and θ opt was found in the literature as 0.847, 1.355, 2.710 and 5.419 mm, and (±55)ns, and in this work 0.847, 1.355, 2.711 and 5.421 mm and (±55.1)ns, respectively.
Figures 5-8 also show that when C/E IM7/977-3 was used, the allowable vessel thickness for all PV sizes decreased, or the specific strength of all PV increased, which was due to the higher strength of the material (see material properties in Table 3 ). Figures 5-8 also show that when C/E IM7/977-3 was used, the allowable vessel thickness for all PV sizes decreased, or the specific strength of all PV increased, which was due to the higher strength of the material (see material properties in Table 3 ).
The minimum allowable thicknesses achieved were 0.56, 0.90, 1.80 and 3.59 mm for the four PV sizes, and the optimum fiber angle was (±55.8)ns. This relates to a decrease of 34.1%, 33.3%, 33.6% and 33.8% in allowable thickness over C/E AS4/3501-6.
When the moisture effect was added to the composite C/E IM7/977-3, it strengthened the PV around the optimum angle and weakened it everywhere else, as can be seen in Figures 5-8 . However, in Figure 5 , which corresponds to the 2.5" size, the moisture solution did not follow the trend of other figures in strengthening around the optimum angle. This can be explained by realizing that, unlike Figures 5-8 also show that when C/E IM7/977-3 was used, the allowable vessel thickness for all PV sizes decreased, or the specific strength of all PV increased, which was due to the higher strength of the material (see material properties in Table 3 ).
When the moisture effect was added to the composite C/E IM7/977-3, it strengthened the PV around the optimum angle and weakened it everywhere else, as can be seen in Figures 5-8 . However, in Figure 5 , which corresponds to the 2.5" size, the moisture solution did not follow the trend of other figures in strengthening around the optimum angle. This can be explained by realizing that, unlike The minimum allowable thicknesses achieved were 0.56, 0.90, 1.80 and 3.59 mm for the four PV sizes, and the optimum fiber angle was (±55.8)ns. This relates to a decrease of 34.1%, 33.3%, 33.6% and 33.8% in allowable thickness over C/E AS4/3501-6.
When the moisture effect was added to the composite C/E IM7/977-3, it strengthened the PV around the optimum angle and weakened it everywhere else, as can be seen in Figures 5-8 . However, in Figure 5 , which corresponds to the 2.5" size, the moisture solution did not follow the trend of other figures in strengthening around the optimum angle. This can be explained by realizing that, unlike the other two solutions, moisture loading is more affected by the size of the PV. In order to capture this relation, the decrease in the allowable thickness of composites relative to the SST 316L thickness for the three studies was determined and shown in Figure 9 , using the following relation:
where h i.all.min is the minimum allowable thickness in mm, for the three composite material studies, C/E AS4/3501-6 without moisture, C/E IM7/977-3 with and without moisture. The PV allowable thickness for SST 316L is h SST.PV . When Equation (30) is applied, composites without moisture show independence of PV size, where the one with moisture shows a relatively large dependency. The h all.min decrease (in mid-range) for C/E AS4/3501-6 was found as 60.15 ± 0.15%, for C/E IM7/977-3 without moisture as 73.6 ± 0.1% and for C/E IM7/977-3 with moisture as 76.05 ± 6.15%.
the other two solutions, moisture loading is more affected by the size of the PV. In order to capture this relation, the decrease in the allowable thickness of composites relative to the SST 316L thickness for the three studies was determined and shown in Figure 9 , using the following relation:
where h . . is the minimum allowable thickness in mm, for the three composite material studies, C/E AS4/3501-6 without moisture, C/E IM7/977-3 with and without moisture. The PV allowable thickness for SST 316L is h . . When Equation (30) is applied, composites without moisture show independence of PV size, where the one with moisture shows a relatively large dependency. The h .
decrease (in mid-range) for C/E AS4/3501-6 was found as 60.15 ± 0.15%, for C/E IM7/977-3 without moisture as 73.6 ± 0.1% and for C/E IM7/977-3 with moisture as 76.05 ± 6.15%.
The SF in Table 4 varies between the studies due to the fact that the analysis procedure increases the thickness only in an integer number of basic laminates (increments of four laminas). This increase can best be seen in Figure 10 , where the final PV thickness and the allowable thickness for all studies are compared. The SF in Table 4 varies between the studies due to the fact that the analysis procedure increases the thickness only in an integer number of basic laminates (increments of four laminas). This increase can best be seen in Figure 10 , where the final PV thickness and the allowable thickness for all studies are compared. Figure 10 . The allowable PV thicknesses and the composites final PV thicknesses after approximating to an integer number of basic laminates. When the allowable thickness for all PVs was determined, the weight achieved for all studies were found using simple geometrical relations and the material properties (Table 2 and Table 3 ). A comparison solution for the studied cases can be found in Table 4 . The reduction in weight (W ) was determined relative to the weight of SST 316L PV and the maximum weight reductions can be found in Table 4 . Figures 11 and 12 show the weight reduction in relation with the fibers angle; it can be When the allowable thickness for all PVs was determined, the weight achieved for all studies were found using simple geometrical relations and the material properties (Tables 2 and 3) . A comparison solution for the studied cases can be found in Table 4 . The reduction in weight (W r ) was determined relative to the weight of SST 316L PV and the maximum weight reductions can be found in Table 4 . Figures 11 and 12 show the weight reduction in relation with the fibers angle; it can be seen from the figures that for small sizes the curves are less smooth, which is expected because an increment of four laminas has a bigger impact for the smaller vessels than the larger ones. seen from the figures that for small sizes the curves are less smooth, which is expected because an increment of four laminas has a bigger impact for the smaller vessels than the larger ones. 
